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ABSTRACT 
This work studied a coolant for a molten salt type reactor in terms of a natural circulation 
behavior. A natural circulation model using MATLAB was developed. This model is for 
the Molten Salt Loop currently under development at UOIT to investigate aging related 
degradation effects and thermal storage applications of FLiNaK. The model’s purpose is 
to help design the flow loop and future experiments. Generation IV reactors were compared 
to provide an overview of new reactor concepts with an in-depth review of the Molten Salt 
Reactor MSR type. The molten salt history, design, and application were discussed. A 
review of thermophysical properties of different salt coolants is performed to understand 
the variation of cooling capability. The model’s results were compared to different fluid 
types to verify the trends. This gave a baseline upon which to refer when experimental 
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Chapter 1. Introduction 
1.1 Background 
 
As of 2017, one of the biggest energy production concerns is to reduce greenhouse gas 
emission and address climate change. There are many scientific papers showing that the 
temperature of the earth is increasing and it is directly correlated to greenhouse 
emissions. However, many still believe that greenhouse gas does not have a significant 
impact on the rising atmospheric temperature or it is believed that the impact is less than 
the current scientific data has shown. Many believe that the earth is warming up naturally 
even if there are no greenhouse gas i.e., a natural cycle. Regardless, rising atmospheric 
temperature is a huge threat to not only our current generation, but also to our next 
generation. That is one of the reasons why the provincial government of Ontario ended 
coal plant operation by 2015 [1]. This is a significant achievement considering 
approximately 14% of total greenhouse gas emissions in 1990 come from electricity 
generation and nearly 11% of greenhouse gas is generated by the electricity sector as 
shown in Figure 1 [2]. 
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Figure 1: Canada's Emissions Breakdown [2] 
The rest of the greenhouse gas emission are generated by heating natural gas, 
transportation and the heavy industry using gasoline and diesel as shown in Table 1. 
 
Table 1: Canada's GHG Emissions by Economic Sector, Selected Years (Mt CO2 eq)[2] 
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Since the coal plant shutdown, electricity generation by hydro-electricity and nuclear 
power in Ontario is almost greenhouse gas free. More than 50% of electricity comes from 
nuclear power. However, current reactors are aging or retiring soon. For example, 
CANDU reactors in Pickering are planned to shutdown by 2024 [3]. Other reactors in the 
nuclear industry world-wide are also going through very similar retiring phases. There 
are alternatives to produce power such as wind, solar and even power generation using 
‘clean’ coal [4]. However, it is difficult to argue that they can entirely replace the base-
load greenhouse gas emission free power generation such as nuclear power[5]. Further, in 
2018, recent heat waves around the planet combined with low winds impairing the 
application of renewable energy demonstrating that renewable energy alone is 
insufficient to address the climate change problem.  Recently, there has been some calls 
at the climate change summit in France for renewed interest in nuclear energy to address 
the observed climate change. Despite the fact that it is greenhouse gas emission free 
power, the nuclear industry receives many challenges from the public. The major 
concerns that the public has towards the nuclear industry is nuclear safety, cost and waste 
disposal. These are complicated issues although these issues can be improved and even 
resolved by introducing next generation technology. In order to improve the current 
issues on global warming and climate changes, continuous research and development on 
next generation technology is crucial. 
Currently, there are many next generation designs. More detail on next generation 
designs is covered in chapter 2. One of the more promising design concepts is a reactor 
design that uses a molten salt coolant, that allows operation at high temperature (800℃), 
which corresponds to a greater thermal efficiency (>40%). A Molten Salt Reactor (MSR) 
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is one of the Generation IV reactor designs that can provide a solution for nuclear safety 
and waste. The inherent safety and high efficient design can provide a significant 
difference in generating clean energy safely with less radioactive waste in a nuclear 
power plant. In case of power loss and engineered safety system failure in a MSR, molten 
salt coolant can, theoretically, circulate due to buoyancy effects. This allows cool down 
naturally by natural convection[6]. This unique safety feature has caught the interest to 
the nuclear industry. In 1950s, molten salt reactors were developed. However, the 
research was stopped in 1980s due to political and funding issues [4]. While the results of 
molten salt reactor experiment were promising, the relative abundance of uranium at that 
time, combined with the success of the light water reactors slowed the demand for the 
molten salt reactor development in 1980s.  
As it is time for the current generation reactors to be retired, the next big concerns is to 
design a reactor that can safely operate and reduce nuclear waste. There are many 
uncertainties in next generation reactor design, such as the behaviour of the coolant, the 
characteristics of the coolant, specifically friction factor, and the chemical impact on the 
materials.  Recently, molten salt research was conducted at Ontario Tech. University. A 
natural circulation model was developed in order to clarify natural circulation capability 
of molten salts, as well as to support next generation reactor development in this paper.  
1.2 Objective 
 
The objective of this thesis is to develop a steady state one-dimensional single-phase 
natural circulation model for a Molten Salt Loop (MSL) to improve clarity on the natural 
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circulation capability of molten salt. The following sub-objectives will help meet the 
overall objective: 
- Develop a one-dimensional model using MATrix LABoratory (MATLAB) 
coding of a simple natural circulation loop 
- Simulate light water and liquid metal coolants as reference cases since the 
fluid properties of those fluids are well known. 
- Simulate FLiNaK (LiF-NaF-KF) coolant using current estimates of FLiNaK 
coolant properties. 
- Simulate other molten salt coolants such as FLiBe and liquid metal for 
comparison purposes. 
- Compare the FLiNaK simulation results to the other coolants to identify 
remaining gaps in model and experimental development. 
 By completing the above sub-objectives, we will have improved clarity of molten salt 
natural circulation phenomena for the development of experimental programs and the 
development of new reactor designs. 
1.3 Layout of Thesis 
 
Chapter 2 of this thesis provides the literature review which discusses the types of molten 
salt reactor technologies currently under development, the fluid characteristics of molten 
salts, and the current literature associated with natural circulation phenomena. 
The methodology used for the development of the model is provided in Chapter 3.  The 
methodology provides the fundamental theory associated with natural circulation and 
known phenomena or assumptions associated with molten salt coolants. 
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The results of the simulation model, including those for water, liquid metal, and all 
molten salts, is provided in Chapter 4.  This will include a comparative analysis of the 
results. Chapter 5 provides the concluding remarks and future work.  The MATLAB code 
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Chapter 2. LITERATURE REVIEW 
2.1 Gen IV reactors 
 
The current generation nuclear reactors, such as Light Water Reactors (LWR) or 
CANDUs (also known as PHWR) are aging, going through refurbishment, and retiring as 
they are built in 1980s as shown in Figure 2. It is imperative that Gen IV reactors need to 
be developed in 2020 to replace the current generation reactor design. Furthermore, 
improvements are needed for efficiency and safety in the current generation design. 
Instead of using water as a coolant, Gen IV introduces other substances that have high 
heat capacity fluids as their coolants such as supercritical water, helium, molten lithium-
beryllium fluoride salts and liquid metals, lead and Lead-Bismuth Eutectic (LBE). As a 
result, Gen IV reactors would likely have high efficiency thermodynamic cycles. In 
addition, the reactor size could be optimized so that construction time of the reactor can 
be also reduced[7].  
 
Figure 2: Genealogy of nuclear power plants [8] 
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Liquid metal cooled nuclear reactors have characteristics that the water-cooled nuclear 
reactors do not offer. It has been demonstrated that fast neutron spectrum works well in 
liquid metal cooled reactors. Fast reactors have several benefits such as operating at 
higher efficiencies using 99% of U-238. Fast reactors can burn actinides which are 
derived from LWR spent fuels so there is potential to reduce long-lived nuclear waste. 
Fast reactors can also be used to dispose of plutonium that was produced during the cold 
war. It can also breed fissile material to produce more fissile materials such as Pu-239 
and Pu-241 [9]. A Sodium-cooled Fast Reactor (SFR) has high power density at near 
atmospheric pressure and has a 390 reactor-year operating duration but there is an safety 
issue of coolant loss accident scenarios and sodium reacting with oxygen, resulting in 
explosion [10] 
In the 80s, Russia demonstrated their Lead-cooled Fast Reactor (LFR), which uses lead 
or lead-bismuth as a coolant. A LFR also has an operating temperature of 550 ℃ and the 
potential to produce hydrogen. The reactor could use depleted uranium or thorium, which 
can be costly when reprocessing, and molten lead is very corrosive so corrosion resistant 
materials are required [10]. 
The supercritical water-cooled reactor (SCWR) uses supercritical fluids that are at the 
highest temperature and pressure of water. At the supercritical phase, gas and liquid 
phases can co-exist in equilibrium and they have shared properties of both gas and liquid. 
This provides a greater thermodynamic efficiency than 30%.  
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2.2 Molten Salt Reactors 
 
Many companies recently proposed a new design of molten salt reactors. In Canada, 
Terrestrial Energy is leading the advanced reactor power plant design for a molten salt 
reactor, also knowns as IMSR [11]. TerraPower, FLiBe Energy, Transatomic and 
Thorcon in the United States proposed different design features, yet they have design 
concepts in common. A molten salt reactor can achieve high temperature (~1000 ℃) 
without generating any greenhouse gas. In terms of nuclear waste, molten salt reactors 
can generate less waste using U-233[12]. It can also be designed to reduce long-lived 
actinide nuclear isotopes. Moreover, a molten salt reactor can be used as a heater for 




Molten Salt Reactor (MSR) was developed as a military application and a civilian nuclear 
Power in Oak Ridge National Laboratory (ORNL)[14]. The aircraft nuclear propulsion 
program was proposing to use a nuclear reactor as a jet engine also known as aircraft 
reactor experiment 2.5 MW(t) in 1954. The aircraft reactor experiment was an application 
of a military nuclear power. This reactor was operated for nine days with the outlet 
temperature of 850 ℃ [14]. About 10 years later, Molten Salt Reactor Experiment 
(MSRE) was introduced for application for civilian nuclear power. The aircraft reactor 
experiment and MSRE were both thermal-spectrum reactors that were operated for the 
first time as a MSR. Not only was it the first time, but also MSRE operated for over 
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13,000 full-power hours of operation about four years from 1965 to 1969. It was such an 
achievement for molten salt chemistry and material science prospective.  
2.2.2 Design 
 
There are two major types of design for a MSR. The first type has the fuel dissolved in 
the molten salt and the other type uses solid fuel with molten salt as a coolant only [15]. 
The dissolved molten fuel design is unique because fuel (fissile material) can be in a 
liquid state as a fluoride salt mixture unlike traditional solid ceramic fuels [12]. The salt 
mixture is very stable in a highly radioactive environment and has a low reactivity with 
air and water, unlike liquid sodium coolant based reactors. More importantly, molten salt 
reactors can operate with high operating temperatures, up to 1000 ℃, at near atmospheric 
pressure and therefore, offer a higher thermal efficiency compared to water-cooled 
reactors. Not only does the molten salt provide high efficiency, but also it can be mixed 
with the fuel, minor actinides, and the majority of fission products in a dissolved form. 
cesium-137, which is a harmful fission product that can be released to the environment in 
case of solid fuel failure, is contained in the molten salt. Xenon-135 which absorbs 
neutrons, can be continuously filtered in a pump bowl using on-line fuel reprocessing that 
increases neutron economy.   
ORNL conducted various material studies on molten salt experiments and identified that 
fluoride salts is so corrosive that even stainless steel cannot withstand severe corrosion at 
high temperatures. Nickel based alloys such as the Hastelloy N alloy (composition: Ni- 
71%, Mo-16%, Cr-7%) were found to be more suitable for molten salts. Therefore, 
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hastelloy alloy was chosen and further developed in different types of testing loops with 
both natural and forced convection [16]. 
Another design concept of a MSR has three loops, primary, secondary and intermediate 
as shown in Figure 3. The primary loop includes the reactor in which nuclear fuel and 
coolant are contained. The coolant in the primary loop will be activated by radiation, 
primarily neutron radiation and has the potential for radioactive contamination due to 
defective fuel or debris from solid fuel. However, one of the unique characteristics of 
molten salt reactor is that it can afford to use an intermediate loop unlike current 
generation reactors because the operating temperature of the primary loop can achieve 
approximately 900 ℃ without pressurizing. The primary loop can be up to 1000 ℃ with 
enough margin before boiling the coolant, the fluoride salt. The secondary side includes 
steam generators that produce steam similar to the current generation design. However, in 
order to take high temperature from the primary side, the pressure of the steam generator 
must be increased to produce steam. The pressure vessel of the steam generator requires 
robust engineering design and quality during manufacturing. It can be a problem that the 
operating temperature of primary loop is too high for secondary side if there is direct heat 
transfer between primary loop and secondary loop. Therefore, the intermediate loop can 
be used in-between the primary loop.  
Molten salt reactor design is significantly safer than the current generation reactors. As 
shown in Figure 4, the IMSR pool-type design has a natural cool down feature during the 
post-accident scenarios such as the pump loses power due to grid loss [17]. The MSL 
model can contribute to FLiNaK natural circulation capabilities More specifically, MSL 
model is a study of natural circulation in the intermediate loop. 
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Figure 3: Molten Salt Reactor concept diagram [15] 
 
Figure 4: Schematic view of IMSR Power Train [17] 
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2.3 Molten Salt Properties 
2.3.1 Melting point and boiling points 
 
FLiNaK and FLiBe at room temperature and atmospheric pressure are solid and these 
salts have a high melting point (~450 ℃) compared to water, which has boiling point of 
100 ℃ at the atmospheric pressure. FLiNaK melting point is 454℃ and FLiBe melting 
point is 459℃. The boiling point is also important to know because when boiling occurs 
in the system, the coolant will have two-phase flow (liquid and gaseous) and it is difficult 
to analyze the behavior of the coolant. Two-phase flow is beyond the scope of this thesis. 
More importantly, the molten salt gaseous state will decrease thermal conductivity and 
convection capability. Therefore, when operating a molten salt loop, it is crucial to keep 
molten salt in liquid state. FLiNaK boiling point is 1570 ℃ and FLiBe boiling point is 
1430 ℃. FLiNaK has the higher boiling point which means FLiNaK has a higher margin 
of operating range. For the development of a natural circulation model, however, only the 
boiling point was used as reference.  
2.3.2 Density 
 
In general, it is common that the density of a fluid decreases as the temperature increases. 
It was assumed that the molten salt such as FLiNaK should have similar characteristics as 
liquid metal and water. Based on further literature review, it was determined that various 
density measurement experiment were performed for FLiNaK [13, 16] . The 
recommended density equation is 𝜌 = 2579 − 0.624 ∗ T (K) [19]. This density 
correlation was chosen because according to Romatoski and Hu[19], the uncertainty is 
±2%, lower than for the other density correlation. The density of FLiNaK as a function 
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of temperature shown in the Figure 5. As shown below, the density is linear and inversely 
proportional to the temperature.  
It is important to note that a density approximation was used in the natural circulation 
model. The approximation is called the ‘Boussinesq approximation’. This approximation 
technique was chosen based on the literature review [20]. In order to obtain the mass 
flow rate during steady state flow, the following equation [20] is used to calculate the 
density in the MATLAB model.  
𝜌(𝑇) = 𝜌0{1 − 𝛽∆𝑇} 
𝑤ℎ𝑒𝑟𝑒 𝜌0 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
𝛽 = thermal expansion coefficient 




The Boussinesq approximation assumes that the density of FLiNaK can be approximated 
using the thermal expansion coefficient and temperature difference between initial 
temperature and final temperature.  
 


















Density vs Temperature - FLiNaK 
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Figure 6: Approximation for FLiNaK Density 
There are also various density data available for FLiBe as shown in Figure 7. The 
recommended FLiBe density is 𝜌 = 2413 − 0.488 ∗ T (K) [19]. This FLiBe density was 
chosen because the uncertainty is ±2%. In Figure 8, the recommended FLiBe density as a 


















Density vs temperature - FLiNaK 
(approximation)
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Figure 7: Various FLiBe density plots including recommended plot [19] 
 





















Density vs temperature - FLiBe
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Figure 9: comparison of FLiNaK and FLiBe density  
As shown in Figure 9, the density of FLiNaK and FLiBe are very close. Both densities 
are linear and inversely proportional to the temperature. The density of FLiNaK has a 
higher slope, which means the density changes are higher in a same temperature range 
between 550 ℃ and 820 ℃. 
The density of lead as a function of temperature is provided below [21]: 
  
𝜌 = 11367 − 1.1944 ∗ T (K) 
Eq. 2 
 
It is important to note that the density difference between molten salt and lead is 
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density positively contributes to create buoyancy force and, therefore, a higher mass flow 
rate is expected. This characteristic will be analyzed in the result and discussion section 
The density of water is 1000 𝑘𝑔/𝑚3 at 4℃. The density equation function of temperature 
relationship is provided in Eq. 3. Based on Eq. 3, the plot is provided in Figure 11. Note 
that the density of water as a function of temperature is non-linear. Using the Bousseneq 
approximation for approximating the water density, an error is expected for the natural 
circulation model results. 
𝜌𝐻2𝑂  =  1000 ∗ (1 −
(𝑇𝐻2𝑂  + 288.9414)
508929.2 ∗ (𝑇𝐻2𝑂 + 68.12963)
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Figure 11: Density of water as a function of temperature 
2.3.3 Specific heat capacity 
Specific heat capacity (𝑐𝑝) is one of the fundamental parameters in fluid mechanics. The 
temperature affects the value of the specific heat capacities of various molten salts.  
Unlike other salts, FLiNaK has increase of heat capacity as the temperature increase 
according to a recent study [14, 17] as shown in Figure 12 and Figure 13.  
Eq. 4 shows FLiNaK specific heat capacity (𝑐𝑝) is temperature dependent [14]. 
𝑐𝑝 = 976.13 + 1.063𝑇 (℃) Eq. 4 
However, for the natural circulation model, it is assumed the specific heat capacity is 
constant for developing a simplified model. The constant specific heat capacity at 700 ℃ 
is chosen for the model which is 1880 𝐽/(𝑘𝑔 ∙ ℃) and 2385 𝐽/(𝑘𝑔 ∙ ℃) respectively. 
These values are suggested by the literature review [18] shown in Figure 14. Compared 
to water, FLiNaK has a lower heat capacity about more than half heat capacity of water 
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Figure 12: FLiNaK Heat capacity (Cp) as a function of temperature 
 
 



























Figure 14: Global comparison of reported values of heat capacity for selected salts and 
different compositions [18]  
2.3.4 Viscosity 
 
In order to develop a model for natural circulation, a good understanding of dynamic 
viscosity (𝜇) is required. Like other liquids, FLiNaK and FLiBe viscosity decreases as 
temperature increases. There are many dynamic viscosity data [14] available, but Table 2 
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Table 2: Dynamic viscosity comparison in Pa*s 
Coolants Dynamic viscosity (𝑃𝑎 ∗ 𝑠) 












𝑊𝑎𝑡𝑒𝑟 2.414 ∗ 10−5 ∗ exp(
247.8
(T + 273) − 140
) 
 








𝑤ℎ𝑒𝑟𝑒 𝜇 = 𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑃𝑎 ∗ 𝑠), 
𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑘𝑔 𝑚3⁄ ) 
Since the kinematic viscosity is discussed in result section, FLiNaK, FLiBe and lead 
kinematic viscosities are compared to each other. Figure 15 shows the viscosity 
comparison of these three coolant. In terms of viscosity as a function of temperature, lead 
has a very small change compared to FLiNaK. However, there is a significant difference 
in the magnitude between FLiNaK and lead when both compared in a similar temperature 
range. FLiNaK viscosity is 2.981E-06 𝑚2/𝑠 at 550 ℃ compared to the viscosity of lead, 
1.634E-07 𝑚2/𝑠 at 550 ℃. 
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Figure 15: Kinematic Viscosity comparison - FLiNaK and Lead 
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In terms of kinematic viscosity of water, as most liquid would do, the viscosity decreases 
as the temperature increases as shown in Figure 17. The kinematic viscosity of water is 
approximately 1.22E-7 𝑚2/𝑠 at room temperature (20 ℃) which is lower than that of 
FLiNaK which is approximately 2.9E-6 𝑚2/𝑠 at an operating temperature of 555 ℃.  
 
Figure 17: Kinematic Viscosity during operating temperature in case of water 
2.3.5 Thermal expansion coefficient 
 
In the natural circulation model, FLiNaK density is approximated using Boussinneq 
approximation. The coefficient of thermal expansion of FLiNaK is chosen as 2.45 ±
0.10 × 10−4 (1/K) and for FLiBe 2.00 ± 0.14 ∗ 10−4  (1/𝐾) for the natural circulation 
calculation [24]. This is because the literature shows the value was determined as most 
accurate. Both coefficient of thermal expansion are calculated values using First-
Principles molecular dynamic[24]. The coefficient of thermal expansion for water is 



























Kinematic viscosity vs temperature - Water
Water
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Table 3: Coolant properties comparison[25] 





















Water at 15.6℃) 
FLiNaK Molten salt 454 1570 2129 1.338E-06 2.450E-4 
FLiBe FLiBe 459 1430 1940 2.785E-06 2.000E-4 
Pb Lead 327.4 1745 11340 1.331E-07 1.170E-4 
H2O Water 0 100 999 1.000E-06 0.1380E-3 
 
2.4 Molten Salt Loop Design 
 
The design of the MSL was developed in 2015 as part of thesis project at University of 
Ontario Institute of Technology as shown in Figure 18, Figure 19, and Figure 19Figure 
21. The conceptual design of the loop is shown in Figure 18.  The loop consists of pipes 
and a head tank. The head tank has several functions. The head tank is also known as a 
storage tank. This storage tank will contain soild FLiNaK in the beginning of the start-up 
of the MSL. The pipe and head tank of the MSL are located inside the environment 
chamber as shown in Figure 19.  
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Figure 18: Conceptual design of the loop[26] 
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The loop is 0.5 m wide and 1 m in height, or 1.2 m with the head/storage tank attached. 
The inner diameter of the piping is approximately 0.0133 m. The loop has a total volume 
of 1.43 L. The piping in the central section of the loop is on a slight 5° decline from the 
horizontal as shown in Figure 20.  This configuration was chosen to assist with the 
natural circulation of molten salt by gravity.  
The loop also contains two flanged test sections that can be removed and examined after 
the loop has been operated. All components of the loop are made out of Hastelloy C-276, 
which is a nickel-molybdenum-chromium alloy that has very high corrosion resistance 
and high temperature resistance. The hastelloy pipe has an inner diameter of 0.01336 m 
(1.336 cm) and outer diameter of 0.02134 m (2.134 cm). The insulation for the MSL 
heating system was ceramic fiber blanket. It was determined that thickness of the 
insulation is 0.04450 m (4.45 cm) for an operating temperature of 600 ℃. 
 
 
Figure 20: Molten Salt Loop Engineering Drawing [27] 
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Figure 21: Molten Salt Loop image 
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One of the challenges in designing a MSL is to maintain a high temperature. High 
temperature heaters were required to melt the salt, FLiNaK, and insulation was required 
to keep the salt in a molten state. The MSL heating system was designed to achieve the 
operating temperature of 600 °C. The heating system includes 120 V ultra-high 
temperature heating tape that has a maximum exposure temperature of 760 °C with the 
power rating of 627 W. This means the MSL heating system will not exceed the boiling 
for FLiNaK, which has the boiling point of 1570 °C. Three short cartridge heaters with 
power of 350 W are attached to the bottom of the loop using thermal paste. These heaters 
provide additional heat to the bottom section to create a temperature difference between 
the hot leg and the cold leg. A hot leg and a cold leg of the piping can be create using a 
voltage controller, such as variacs, which control the power of the heaters, and can create 
a natural circulation in the loop. There are significant temperature difference of 
approximately 500 °C between the operating temperature of the MSL and the room 
temperature. Therefore, insulation was required to minimize heat loss from the MSL. The 
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Table 4: Summary of MSL specification [28] 
Inner diameter 1.336 cm 
Operating Temperature 550 ℃ 
Insulation thickness 4.45 cm 
Heater Power 672W 
 
Heat loss to the environment was calculated assuming the thickness of the insulation is 
0.04450 m (4.45 cm) as shown in Table 4. Furthermore, the time that MSL reaches the 
operating temperature without FLiNaK is calculated to be 53.8 minutes[28]. This heating 
system is also designed such that natural circulation can be created between the hot leg 
and the cold leg of the loop.  
2.5 Natural Circulation 
 
Natural circulation in a loop occurs by the force due to gravity acceleration and the 
density difference in the fluid, as opposed to forced circulation introduced by mechanical 
equipment such as pumps. The buoyancy force is proportional to the density difference 
caused by temperature changes. The density difference of liquid is directly proportional 
to the temperature difference at constant pressure. Therefore, a larger temperature 
difference will create a larger buoyancy force between the hot and cold fluid. This will 
create natural convectional currents which creates higher heat transfer rates. The flow 
rate of the fluid is one of the important factors that determine the magnitude of the natural 
convection heat transfer rate. The flow rate in natural convection will be dependent on 
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the buoyancy force and the friction force [29] . Density is one of the key factors to 
understand the natural circulation model in Molten Salt Loop. The natural circulation 
flow is driven only by the buoyancy force that is caused by the density difference 
between the fluid in hot leg and cold leg. In a natural circulation closed loop, it is 
assumed that there is no pressure change. The only change is temperature, which creates 
buoyancy force. This force can move the fluid, in this case FLiNaK, inside the loop. 
Based on this principle, the higher the temperature difference between the hot leg and 
cold leg, the higher mass flow rate that will be induced. According to Muscato and 
Xibilia [29], the buoyancy is too weak to cause the fluid motion if the temperature 
difference is low. Moreover, the fluid starts moving in the same direction, whether it is 
clockwise or counter clockwise, as the temperature difference increases. The vertical 
temperature difference determines the buoyancy of the loop and the stability of natural 
circulation loop [29]. However, there is more than just temperature difference that affects 
the mass flow rate of the fluid. The friction factor, which can change based on density 
and viscosity, is also a factor in determining the mass flow rate because, as the mass flow 
rate increases the friction of the wall could be increasing. The thermal expansion 
coefficient of an ideal gas can be estimated based on temperature. Although the loop 
contains molten salt, the thermal expansion coefficient is very similar to an ideal gas [30]. 
Therefore, this is a good approximation. This factor will also contribute to the natural 
circulation. 
Natural circulation systems are unstable in general because the natural convection 
process is non-linear and the driving force is extremely low [31]. Heat transport 
capability in a natural circulation loop depends on the flow rate generated. [32]. For 
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instance, the friction factor varies depending on the cold leg being in the laminar flow 
regime and the hot leg in the turbulent flow regime.  
  
  
  47 
 
Chapter 3. METHODOLOGY 
3.1 Development of the Natural Circulation Model 
 
The methodology found in the literature is a one dimensional model of single phase 
natural circulation in CANDU reactor [33]. A Boussinesq approximation was used in this 
model to develop the behaviour of fluid density, in this case water, with respect to 
temperature [34]. This one-dimensional model provides significant information regarding 
the relationship between power input and mass flow rate. 
There are three conditions required to achieve natural circulation in a closed loop. First, a 
heat source must be available to the fluid in the closed loop. Second, a comparable heat 
sink must exist in the cold leg. Third, the location of the heat sink must be higher than 
that of the heat source. In a natural circulation loop, the mass flow rate increases with the 
power of the heater and the pressure loss depends on the diameter of the piping [20] 
There are four thermal-hydraulic behaviours in a single-phase natural circulation loop. 
Stable, neutral stable, neutral unstable and unstable. To conduct experiments in a MSL, 
stable or neutral stable loop conditions are required. As long as the temperature 
difference across the heat sinks are steady, the loop will be a fully developed stable 
laminar or turbulent flow [31]. This natural circulation model is developed assuming the 
loop is operating in a steady-state. 
3.2 One-dimensional Single Phase Steady-State FLiNaK 
 
Imagine there are a volume of pockets of FLiNaK that are a steady-state single phase in 
laminar flow regime on the scale as Figure 23 illustrates. A heater heats up the pocket of 
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FLiNaK on the left and the pocket of fluid is now called the hot leg. The other pocket is 
being cooled naturally and it is called the cold leg. The hot leg contains the FLiNaK that 
has a lower density than the cold leg. Therefore, when volume is the same, the mass of 
the pocket of FLiNaK in the hot leg is less than that of the cold leg. As a result, the 
pocket of fluid in the hot leg will rise due to the cold leg pushing up the pocket of 
FLiNak in the hot leg through the buoyancy force. The pocket of FLiNaK in the hot leg 
would continue to rise until the loop reaches steady-state and then a certain mass flow 
will be created according to the heater power. 
 
 
One assumption is that the pressure in the MSL is constant at an atmospheric pressure. 
The only driving force for the FLiNaK is the buoyancy driven by density gradients in the 
loop [29]. The flow direction can be determined by the temperature difference between 
the various points of the loop because the density depends on the fluid temperature. The 














𝜌𝑐 > 𝜌ℎ 
𝑣: 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
Figure 24: Scale analogy Figure 23: Scale analogy to explain natural circulation 
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characteristics. The friction factor must be determined by experiments. The friction factor 
can be predicted by comparing a similar fluid, such as any molten salt other than the 
FLiNaK, and different types of fluids, such as water or liquid metal. An approximate 
friction factor range can be derived. Generally, for fluid in laminar flow conditions 
(Re<2000), the friction factor is a function of the Reynolds number only. For fluid in 
turbulent flow (Re>4000), the friction factor also depends on the character of the pipe 
wall [23]. It is critical to understand the viscosity to calculate the mass flow rate of the 
MSL. There was an assumption that the molten salt such as FLiNaK should have 
characteristics similar to liquid metal and water.  
Eq. 5 is derived based on the principle of energy conservation. In a steady-state closed 
loop, the total buoyancy force in the loop must be equal to the total friction loss of the 
loop, assuming there is no heat loss to the environment [34, 35]. Therefore, Eq. 5 is 
derived as follow [20]: 
  










where ?̂?𝑠 is a unit vector, ?⃑? is the gravitational acceleration, and the sum of density 
difference. 
To develop the equations for the natural circulation model, the molten salt loop was 
divided into six sections as shown Figure 25. Section 1, also known as the heat source, 
consists of the heater and adiabatic section of the insulated pipe. Energy would be gained 
or heat added through the heater. Section 2 and 3 are adiabatic pipe sections, which 
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contains only insulated pipe. Heat loss to the environment is expected, but assumed to be 
negligible. Section 4 consists of the heat sink/cooler where heat is subtracted and the 
adiabatic section of insulated pipe. Section 5 and 6 are adiabatic pipe sections.  
 
 
 Section 1: Heater (Heat source) 
 Section 2: Adiabatic pipe 
 Section 3: Adiabatic pipe 
 Section 4: Cooler (Heat sink) 
 Section 5: Adiabatic pipe 
 Section 6: Adiabatic pipe 
In this model, Section 1 and section 4 are known as the heat source and heat sink, 
respectively. By making the heat source physically lower than the heat sink, the loop can 
achieve natural circulation. Each section can be expressed using an energy balance 





Figure 25: MSL free body diagram of the MSL (𝜃 = 5°) 
𝑔 ↓ 
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sections have neither no heat gain nor loss, because they are insulated pipe. The fourth 
section has a heat loss through the cooler (or heat exchanger), and it is assumed that the 
fifth and sixth sections have no heat gain or loss due to pipe insulation. The LHS of the 
Eq. 5 shows the molten salt temperature will increase from T0 to T1, as shown in Figure 
25.  
Section 1 
 𝑃 = ?̇? = ?̇?𝑐𝑝∆𝑇(𝑜𝑟 ?̇?∆ℎ) Eq. 6 















The problem is that it is not known whether the fluid is laminar or turbulent. To 
determine whether the fluid is laminar or turbulent, the Reynolds number needs to be 
found. However, the Reynolds number cannot be obtained as the flow rate is unknown. 
Therefore, the flow characteristics are assumed to be either cases and will be determined 
when the mass flow rate is calculated. By assuming the flow is laminar, a quadratic 
equation can be derived. The Reynolds number is the ratio of the inertial forces to the 
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If the flow is laminar, the friction factor is set to 64/Re. For flow in a pipe or tube 
Reynolds number can be expressed as below 
  
𝑅𝑒 =














𝐷𝐻 is the hydraulic diameter of the pipe (the inside diameter if the pipe is circular) 
For a circular pipe, the hydraulic diameter is exactly equal to the inside pipe diameter. 






Note that flow rate can be derived from ?̇? (mass flow rate) so that the model can be used 
to solve for mass flow rate without knowing the flow rate. 
There is no heat generation in Sections 2 and 3 as these section are adiabatic piping. 
Therefore, the temperature difference between T1 to T2 is 0. 
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In Section 4, the temperature will decrease due to the heat sink in which the heat transfer 





= −ℎ𝜋𝐷(𝑇ℎ − 𝑇𝑠) Eq. 12 
where 𝑇ℎ is the temperature of coolant in the 






This section is also an adiabatic pipe. There is no heat generation 
Now, the sign for the unit vector (?̂?𝑠) and gravitational acceleration (?⃑?)  for each section 
in Eq. 13, should be determined. 
The following equation represent the total head pressure that is in the MSL.  
 ?̂?𝑠 ∙ ?⃑? ∫ 𝜌 𝑑𝑠 Eq. 14 
The total head pressure can be divided by six different sections as shown in Figure 25. 
Assuming that the flow direction is clockwise, the sign for each section can be 
determined. 
Section 1: the flow direction is upward and gravity applies downward. Therefore, the unit 
vector and gravitational acceleration can be expressed as Eq. 15 
↑ ?̂?𝑠 ↓ 𝑔 → −𝑔 𝑜𝑟 [𝑐𝑜𝑠𝜃, 𝑠𝑖𝑛𝜃] ∙ [0, −𝑔] = [0,1] ∙ [0, −𝑔] = −𝑔  Eq. 15 
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where 𝜃 = 90° 
 
Section 2: the flow direction is still upward and gravity applies downward. Therefore, the 
unit vector and gravitational acceleration can be expressed as Eq. 16 
↑ ?̂?𝑠 ↓ 𝑔 → −𝑔 𝑜𝑟 [𝑐𝑜𝑠𝜃, 𝑠𝑖𝑛𝜃] ∙ [0, −𝑔] = [0,1] ∙ [0, −𝑔] = −𝑔 
 
where 𝜃 = 90° 
Eq. 16 
 
Section 3: the flow direction is has a slight 5° decline and gravity still applies downward. 
Therefore, the unit vector and gravitational acceleration can be expressed as Eq. 17. 
?̂?𝑠 ∙ ?⃑? = [𝑐𝑜𝑠𝜃, 𝑠𝑖𝑛𝜃] ∙ [0, −𝑔] = −𝑔𝑠𝑖𝑛𝜃 where 𝜃 = −5° Eq. 17 
 
Section 4: the flow direction is now downward and gravity applies downward. Therefore, 
the unit vector and gravitational acceleration can be expressed as Eq. 18 
 ↓ ?̂?𝑠 ↓ 𝑔 → 𝑔 = [𝑐𝑜𝑠𝜃, 𝑠𝑖𝑛𝜃] ∙ [0, −𝑔] = [0, −1] ∙ [0, −𝑔] = +𝑔 
where 𝜃 = −90° 
 
Eq. 18 
Section 5: the flow direction is still downward and gravity applies downward. Therefore, 
the unit vector and gravitational acceleration can be expressed as Eq. 19 
 ↓ ?̂?𝑠 ↓ 𝑔 → 𝑔 = [𝑐𝑜𝑠𝜃, 𝑠𝑖𝑛𝜃] ∙ [0, −𝑔] = [0, −1] ∙ [0, −𝑔] = +𝑔 
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Section 6: the flow direction is has a slight 5° decline and gravity still applies downward. 
Therefore, the unit vector and gravitational acceleration can be expressed as Eq. 20. 
 ?̂?𝑠 ∙ ?⃑? = [𝑐𝑜𝑠𝜃, 𝑠𝑖𝑛𝜃] ∙ [0, −𝑔] = −𝑔𝑠𝑖𝑛𝜃 where 𝜃 = −175 𝑜𝑟 (−5°) 
 
Eq. 20 
The Boussinesq approximation is applied when approximating the fluid density when 
there is a significant temperature difference from one place to another. The density is 
different according to the fluid property (𝛽), also known as thermal expansion 
coefficient. Using the Boussinesq approximation, the density can be approximated in 
terms of initial density, thermal expansion coefficient and temperature difference [34].  
 𝜌(𝑇) = 𝜌0{1 − 𝛽∆𝑇} Eq. 21 
Therefore, section 1 can also be expressed in terms of the buoyancy force.  
Section 1:  
 ?̂?𝑠 ∙ ?⃑? ∫ 𝜌(𝑇) 𝑑𝑠 
Eq. 22 
 
Integral from initial reference 0 to the length of the heater (𝐿ℎ) replacing ?̂?𝑠 ∙ ?⃑? with – 𝑔 
and 𝜌(𝑇) 𝑤𝑖𝑡ℎ 𝜌0{1 − 𝛽∆𝑇} the following equation is obtained. 




𝑤ℎ𝑒𝑟𝑒 ∆𝑇 = 𝑇ℎ − 𝑇0 
𝑇ℎ: 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑠𝑜𝑢𝑟𝑐𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛  
𝑇0: 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑙𝑢𝑖𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 
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= −𝑔𝜌0[{1 − 𝛽(𝑇ℎ − 𝑇0)}𝑠]0
𝐿ℎ 




Similar to Section 1, integrity from the end of the length of heater (𝐿ℎ) to length of pipe 
section 2 (𝐿1), replacing ?̂?𝑠 ∙ ?⃑? with – 𝑔 and 𝜌(𝑇) 𝑤𝑖𝑡ℎ 𝜌0{1 − 𝛽∆𝑇}, the following 
equation is obtained. 




 where ∆𝑇 = 𝑇1 − 𝑇ℎ 
= −𝑔𝜌0[{1 − 𝛽∆𝑇1}𝑠]𝐿ℎ
𝐿1  
∆𝑇1 = 𝑇1 − 𝑇ℎ = 0 𝑏𝑒𝑐𝑎𝑢𝑠𝑒 𝑖𝑡 𝑖𝑠 𝑎 𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐 𝑝𝑖𝑝𝑒 
= −𝑔𝜌0(𝐿1 − 𝐿ℎ) Eq. 24 
Section 3: 
Section 3 is a pipe with a slight 5° decline. Integrate from the end of pipe section 2 (𝐿1) 
to the length of the pipe section 3 (𝐿2), replacing ?̂?𝑠 ∙ ?⃑? with – 𝑔𝑠𝑖𝑛𝜃 and 
𝜌(𝑇) 𝑤𝑖𝑡ℎ 𝜌0{1 − 𝛽∆𝑇} the following equation is obtained. 
?̂?𝑠 ∙ ?⃑? ∫ 𝜌(𝑇) 𝑑𝑠 
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𝑤ℎ𝑒𝑟𝑒 ∆𝑇2 = 𝑇2 − 𝑇1  
= −𝑔𝑠𝑖𝑛𝜃𝜌0[{1 − 𝛽(𝑇2 − 𝑇1)}𝑠]𝐿1
𝐿2    
𝑇2 − 𝑇1  = 0 𝑏𝑒𝑐𝑎𝑢𝑠𝑒 𝑖𝑡 𝑖𝑠 𝑎 𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐 𝑝𝑖𝑝𝑒 
Therefore, the following equation can be obtained 
= −𝑔𝑠𝑖𝑛𝜃𝜌0(𝐿2 − 𝐿1) 
where (𝐿2 − 𝐿1) 𝑖𝑠 𝐿𝑎 , 𝑤ℎ𝑖𝑐ℎ 𝑖𝑠 𝑡ℎ𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑑𝑖𝑎𝑏𝑡𝑖𝑐 𝑝𝑖𝑝𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 3, 





Section 4 is a heat sink and also expressed in terms of buoyancy force as well.  
?̂?𝑠 ∙ ?⃑? ∫ 𝜌(𝑇) 𝑑𝑠 
Integral from the end of the pipe section 3 (𝐿2) to the length of cooler (𝐿𝑐), replacing ?̂?𝑠 ∙
?⃑? with 𝑔 and 𝜌(𝑇) 𝑤𝑖𝑡ℎ 𝜌0{1 − 𝛽∆𝑇} the following equation is obtained. 




𝑤ℎ𝑒𝑟𝑒 ∆𝑇 = 𝑇𝑐 − 𝑇2 
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= 𝑔𝜌0{1 − 𝛽(𝑇𝑐 − 𝑇2)}[𝑠]𝐿2
𝐿𝑐   
𝑔𝜌0(𝐿𝑐 − 𝐿2){1 − 𝛽(𝑇𝑐 − 𝑇2)} 
where 𝐿𝑐 − 𝐿2 = 𝐿𝑐 → 𝐿2 = 0 
 = 𝑔𝜌0𝐿𝑐{1 − 𝛽(𝑇𝑐 − 𝑇2)} Eq. 26 
Section5: 
Similar to Section 4, Integral from the end of the length of cooler (𝐿𝑐) and to length of 
pipe section 5 (𝐿3), replacing ?̂?𝑠 ∙ ?⃑? with 𝑔 and 𝜌(𝑇) 𝑤𝑖𝑡ℎ 𝜌0{1 − 𝛽∆𝑇}the following 
equation is obtained. 




𝑤ℎ𝑒𝑟𝑒 ∆𝑇 = 𝑇3 − 𝑇𝑐 




= 𝑔𝜌0{1 − 𝛽(𝑇3 − 𝑇𝑐)}[𝑠]𝐿𝑐
𝐿3   
𝑤ℎ𝑒𝑟𝑒 𝑇3 − 𝑇𝑐 =  𝑏𝑒𝑐𝑎𝑢𝑠𝑒 𝑡ℎ𝑒𝑟𝑒 𝑖𝑠 𝑎𝑑𝑖𝑏𝑎𝑡𝑖𝑐 𝑝𝑖𝑝𝑒 
 = 𝑔𝜌0(𝐿3 − 𝐿𝐶) Eq. 27 
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Section 6: 
Similar to Section 3, Section 6 is a pipe with a slight 5° decline. Integral from the end of 
pipe section 5 (𝐿3) to the length of the pipe section 6 (𝐿4) while replacing ?̂?𝑠 ∙ ?⃑? with 
– 𝑔𝑠𝑖𝑛𝜃 and 𝜌(𝑇) 𝑤𝑖𝑡ℎ 𝜌0{1 − 𝛽∆𝑇} 
– 𝑔𝑠𝑖𝑛𝜃 ∫ 𝜌0{1 − 𝛽∆𝑇}𝑑𝑠 
𝑤ℎ𝑒𝑟𝑒 ∆𝑇 = 𝑇4 − 𝑇3 




= −𝑔𝑠𝑖𝑛𝜃𝜌0(1 − 𝛽(𝑇4 − 𝑇3))[𝑠]𝐿3
𝐿4  
where 𝑇4 − 𝑇3 = 0 because there is adibatic pipe 
= 𝑔𝑠𝑖𝑛𝜃𝜌0(𝐿4 − 𝐿3) 
where (𝐿4 − 𝐿3) is the lentgh of adiabatic pipe 𝐿𝑎 
= 𝑔𝑠𝑖𝑛𝜃𝜌0𝐿𝑎 Eq. 28 
The total buoyancy force is derived by adding each section. Therefore, the left side of the 
equations can be expressed as following 
= Eq. 23+ Eq. 24+ Eq. 25+ Eq. 26+ Eq. 27+ Eq. 28 
= −𝑔𝜌0{(1 − 𝛽(𝑇ℎ − 𝑇0))𝐿ℎ} − 𝑔𝜌0(𝐿1 − 𝐿ℎ) − 𝑔𝑠𝑖𝑛𝜃𝜌0𝐿𝑎 + 𝑔𝜌0𝐿𝑐{1 − 𝛽(𝑇𝑐 − 𝑇2)}
+  𝑔𝜌0(𝐿3 − 𝐿𝐶) +  𝑔𝑠𝑖𝑛𝜃𝜌0𝐿𝑎 
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= −𝑔𝜌0{(1 − 𝛽(𝑇ℎ − 𝑇0))𝐿ℎ} − 𝑔𝜌0(𝐿1 − 𝐿ℎ) + 𝑔𝜌0𝐿𝑐{1 − 𝛽(𝑇𝑐 − 𝑇2)}
+  𝑔𝜌0(𝐿3 − 𝐿𝐶) 
 
Eq. 29 
To simplify further, the common factor (𝑔𝜌0) can be taken out 
 = 𝑔𝜌0{(−𝐿ℎ + 𝐿ℎ𝛽(𝑇ℎ − 𝑇0)) − 𝐿1 + 𝐿ℎ + 𝐿𝑐 − 𝐿𝑐𝛽(𝑇𝑐 −
𝑇2)+ (𝐿3 − 𝐿𝐶)} 
 
Eq. 30 
Note that the section 1 temperature difference 𝑇ℎ − 𝑇0 must be same as 𝑇𝑐 − 𝑇2 in order 
to create steady state condition. Therefore, the temperature difference can be expressed 
as  
∆𝑇ℎ = 𝑇ℎ − 𝑇0 = 𝑇𝑐 − 𝑇2 
= 𝑔𝜌0{(𝐿ℎ𝛽(∆𝑇ℎ)) − 𝐿1 − 𝐿𝑐𝛽∆𝑇ℎ + 𝐿3} 
= 𝑔𝜌0𝛽∆𝑇ℎ(𝐿ℎ − 𝐿𝑐) + 𝑔𝜌0(𝐿3 − 𝐿1) } 
 
Eq. 31 
Where 𝐿3 = 0.7, 𝐿1 = 0.788 as shown in Figure 26. 
  















Now, the total friction loss is derived on the right side of the equation. The right side of 
the equation is derived from the pressure drop in a pipe. The pressure drop is directly 













?̂?𝑠  ↑ 
 






























 is the dynamic pressure and f is 
the Darcy firction factor. The friction factor [23] is the shear stress at the wall and  the 
kinetic energy of fluid per volume. 
  
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑓) =
𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 𝑎𝑡 𝑤𝑎𝑙𝑙




The friction factor can be expressed in terms of the shear stress and density of fluid and 




 Eq. 35 
 
𝑤ℎ𝑒𝑟𝑒 𝜎𝑤 = 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠, 𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑,   
 ?̅? = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑 𝑖𝑛 𝑎 𝑝𝑖𝑝𝑒 
The friction factor is expressed in terms of the pressure differential over the length of the 



















The shear stress can be defined as below, 
  





 Eq. 37 
 























In the case of laminar flow, the friction factor is independent of the roughness of the pipe 
surface and is only a function of the Reynolds number in laminar flow. The pressure drop 







2 𝑑𝑠 Eq. 39 
To expand the friction loss for each section of the MSL, Eq. 38 can be 
expressed as below.   
?̇?2






















At this point, it is not known that whether the flow is laminar or turbulent. Therefore, 
both case will be considered. The equations for each case is different. In the case of 
Re<2000 (laminar flow), the friction factor is expressed as Eq. 40.  In this molten salt 
modeling, Darcy’s friction factor was used which is four times larger than the fanning 
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friction factor. It was found during literature review that Darcy’s friction factor was 








Each friction factor can be replaced with Eq. 40.  
  
?̇?2̇





























Eq. 41 can be simplified even further as Eq. 42.  
=
?̇?2̇










































The mass flow rate (?̇?), Area (A) and diameter of the pipe (D) are the same in the loop. 
Hence, they can come out of the equation, as a common factor, 
 
  




2 ∗ D2 ∗ 𝐴
) (𝜈1 ∗ Lh + 𝜈2 ∗ (L1 − Lh) + 𝜈3 ∗ L𝑎 + 𝜈4 ∗ Lc + 𝜈5 ∗ (L3
− 𝐿𝑎) +  𝜈6 ∗ L𝑎 
Eq. 44 
Considering the energy and momentum balance Eq. 31 must be equal to Eq.44 
𝐸𝑞. 31 = 𝑔𝜌0𝛽
𝑃
?̇?𝑐𝑝
(𝐿ℎ − 𝐿𝑐) + (𝐿3 − 𝐿1)𝑔𝜌0 
𝐸𝑞. 44 = (
64?̇?
2 ∗ D2 ∗ 𝐴
) (𝜈1 ∗ Lh + 𝜈2 ∗ (L1 − Lh) + 𝜈3 ∗ L𝑎 + 𝜈4 ∗ Lc + 𝜈5 ∗ (L3 − 𝐿𝑎)
+ 𝜈6 ∗ L𝑎 








2 ∗ D2 ∗ 𝐴
) (𝜈1 ∗ Lh + 𝜈2 ∗ (L1 − Lh) + 𝜈3 ∗ L𝑎 + 𝜈4 ∗ Lc
+ 𝜈5 ∗ (L3 − 𝐿𝑎) +  𝜈6 ∗ L𝑎) − (𝐿3 − 𝐿1)𝑔𝜌0 
 
Eq. 45 
Note that the friction loss is dependent on the kinematic viscosity of the coolant and the 
length of the piping. Solving for 𝑃, the equation below is obtained 





) (𝜈1 ∗ Lh + 𝜈2 ∗ (L1 − Lh) + 𝜈3 ∗ L𝑎 + 𝜈4 ∗
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Therefore, the governing equation can be expressed as quadratic equations in 
terms of the power of the heater as a function of mass flow rate. 
  
𝑎?̇?2 + 𝑏?̇? − 𝑃 = 0 
Eq. 47 
 
𝑤ℎ𝑒𝑟𝑒 𝑎 = (
32𝑐𝑝
𝑔𝜌0𝛽(𝐿ℎ − 𝐿𝑐)D2𝐴
) (𝜈1Lh + 𝜈2(L1 − Lh) + 𝜈3L𝑎 + 𝜈4Lc + 𝜈5(L3 − 𝐿𝑎)








𝑃 =  𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 ℎ𝑒𝑎𝑡𝑒𝑟 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 0 𝑎𝑛𝑑 10000𝑊 
The solution for the mass flow rate is 
 ?̇? = −(𝑏 −  (𝑏2  +  4 ∗ 𝑃 ∗ 𝑎)
1
2)/ (2 ∗ 𝑎); Eq. 48 
 




) (𝜈1Lh + 𝜈2(L1 − Lh) + 𝜈3L𝑎 + 𝜈4Lc + 𝜈5(L3 − 𝐿𝑎)








𝑃 =  𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 ℎ𝑒𝑎𝑡𝑒𝑟 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 0 𝑎𝑛𝑑 10000𝑊 
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In case of Re>3000 (turbulent flow), friction factor can be expressed using Blasius’s 








Considering Re can be expressed as 𝑅𝑒 = ?̇? (
𝐷
𝐴𝜈𝜌
). This way the governing equation will 
be expressed in terms of mass flow rate, diameter, viscosity and density of the coolant. 

















For turbulent flow, Eq. 31 is same as laminar flow. The only difference will be 
the friction factor because the type of flow will be affected by the pipe wall. 
Therefore, the total friction force is 
?̇?2
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Similar to obtaining the solution for the laminar flow, Eq.32 must be same as Eq. 52.  
𝐸𝑞. 32 = 𝑔𝜌0𝛽
𝑃
?̇?𝑐𝑝
(𝐿ℎ − 𝐿𝑐) + 0.088𝑔𝜌0 
Eq. 52 =
?̇?2









































































































































3.3 Matlab Simulation Code Development 
 
Based on the these governing equations, a natural circulation model was created using 
MATLAB. Figure 27 is provided to describe the thought process. First, a governing 
equation was solved for mass flow rate. The heater power was used as input 0 W to 
10000 W and the output was the mass flow rate (for example, mass flow was expressed 
in terms of power of the heater, diameter, length of pipe, viscosity and density or ?̇? =
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𝑓(𝑃, 𝐷, 𝐿, 𝜈, 𝜌)) and constant heat capacity and a thermal expansion coefficient. Once the 
mass flow rate is calculated, the temperature increase/difference can be obtained using  
 𝑃 = ?̇?𝑐𝑝∆𝑇 Eq. 54 
where P is the heater power, 
which can be determined by operating parameters. The temperature difference, ∆𝑇 =
𝑇1 − 𝑇0 where 𝑇1 is the temperature at the end of heater (max temperature of the system) 
and 𝑇0 is the initial operating temperature. This temperature difference essentially drives 
the flow in natural circulation. The fluid density is determined according to the 
temperature since the density estimated using boussinesq approximation. Finally, the 
flow rate will be determined and this will confirm that natural circulation is feasible in 
the molten salt loop. Once a flow rate is obtained, the Reynolds number can be calculated 
in order to confirm whether the flow is laminar or turbulent 
 
Figure 27: Flow chart for describing thought process 
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3.4 Test Matrix 
 
The values used in MATLAB for FLiNaK natural circulation model are shown in Table 
5. The other coolants parameters and values can be found in 7.1 MATLAB Source Code 
in APPENDICES. 
Table 5:MATLAB model test matrix parameters and values 
Parameters Value 
c_p_flinak (FLiNaK heat capacity) 1880 
g (gravity) 9.81 
D (pipe diameter) 0.01336 
n (number of iteration) 100 
P (power of heater from 1 W to 10 kW) 1 - 10000 
T_m_fliank (melting point) 454 
T_i_fliank (initial temperature 550 
rho_flinak_c (density – constant) 2129 
b_flinak (thermal expansion coefficient) 2.45E-4 
s (total length of the loop 2.4 
L1 (length of Section 1 + section 2) 0.788 
L_h (length of heater) 0.5 
L_c 0.1 
L3 (length of Section 4 + section 5) 0.7 
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Chapter 4. RESULT AND DISCUSSION 
4.1 One-dimensional natural circulation model 
 
One of the most important steps in developing the natural circulation model of the MSL 
is to determine the mass flow rate. Depending on the mass flow rate, the friction factor of 
FLiNaK can be determined. Once the friction factor is determined, one can understand 
the natural circulation of FLiNaK in MSL.  
In order to understand natural circulation of FLiNaK, basic physical properties are 
studied. First of all, the density and viscosity of FLiNaK is plotted in Matlab. The density 
decreases linearly and viscosity also decreases, but non-linearly. Based on the fact that 
the density decreases as temperature increases, the molten salt mass flow rate should 
increase because the buoyancy driven force is increasing. In addition, viscosity decreases 
as temperature increases, which means that the molten salt will experience less shear 
stress at the pipe. Therefore, it is reasonable to assume that increasing the power of the 
heater will increase the mass flow rate.  
Using a single natural circulation model, results were obtained for water, FLiBe and lead 
natural circulation in the MSL in order to compare behaviours. It is beneficial to compare 
coolants that have similar properties and characteristics in order to understand the natural 
circulation for FLiNaK. For the natural circulation comparison, water was chosen 
because it is well-known and established substance that is currently used in current 
generation reactors. FLiBe and lead were also selected for comparison because they are 
other good candidatea for Gen IV reactor coolant.  
  




With an initial temperature, 0 ℃, the blue line represent the mass flow rate for various 
heater powers during steady state assuming the flow is laminar. Based on Figure 28, the 
trend shows that the mass flow rate increases as the power of the heater increases. 
Although the mass flow rate is linear to Power, the relationship is ?̇? ∝ √𝑃. However, in 
order to have the mass flow rate indicated, the temperature difference will be more than 
1500℃ as shown in Figure 29. As a result, water in the MSL will boil before achieving 
natural circulation under atmospheric pressure (101.4kPa). 
 
























Mass flow rate versus Power - H2O
water
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Figure 29: Temperature increase vs Power[W] - H2O 
Assuming there is a system that can pressurize the loop and maintain the water as a 
single-phase liquid, the mass flow rate of water at 10 kW is 0.001493 kg/s as shown in 
Table 6. In order to demonstrate that natural circulation in the loop, the velocity of water 
is calculated and presented. It is easy to visualize natural circulation of water when 
demonstrated in a power versus velocity chart. If a 10 kW of heat is used and assuming 
adequate pressure is provided to maintain water as a single-phase, then the velocity of 
water is 1.37 cm/s as shown in Figure 30, water can travel the complete loop in 176 s. 
Table 6: Power vs Mass flow rate of water 
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Figure 30: Velocity of Water vs Power- water 
However, MSL is near atmospheric pressure system. Therefore, when water is used for 
an experiment in MSL, the water in the loop is expected to be boiled without using a 
pressuring system, and two-phase flow will be expected. The scope of the thesis is to 
compare FLiNaK natural circulation with other common coolants such as water, during 
single-phase natural circulation. However, it is apparent that water will not be able to 
achieve natural circulation. Therefore, water is not a good candidate to compare to the 


























Velocity vs Power - Water
Velocity(cm/s)
  




Using the same MATLAB model, the solution for the natural circulation equation is 
obtained. Based on Eq. 55, the mass flow rate is linearly proportional to the power 









As shown in Figure 31: Mass flow rate VS Power – FLiNaKFigure 31, the blue line on 
the chart represent the mass flow rate for each heater power in laminar flow. The mass 
flow rate is going to increase as power of the heater increases. The mass flow rate of 
FLiNaK has increased from 5.923E-07 to 0.005617 kg/s in a steady state as shown in 
Table 7.  
 






















Mass flow rate versus Power - FLiNaK
FLiNaK
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Table 7: FLiNaK mass flow rate 






Figure 32 shows that temperature increase in the MSL according to heater power 
increases from 0W to 10 kW. This temperature increase means the average temperature 
increase of the FLiNaK in MSL during steady state. This was calculated based on the 
mass flow rate.  
  






𝑤ℎ𝑒𝑟𝑒 𝑃 = 𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑒𝑎𝑡𝑒𝑟, ?̇? = 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑎𝑛𝑑  
𝑐𝑝 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 
If the 10kW heater was used, the temperature increase at steady-state is approximately 
946.9 ℃ from the initial operating temperature 550 ℃. The temperature change observed 
in this chart is useful because the temperature change can be predicted when the mass 
flow rate and power of the heater are known.  
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Figure 32: Temperature increase of FLiNaK as a function of power 
It is easier to interpret natural circulation with a velocity of FLiNaK rather than using a 
mass flow rate. The velocity of FLiNaK is calculated using Eq. 57. The calculated 
velocity of FLiNaK is approximately 2.45 cm/s when the 10 kW heater is used as shown 
in Figure 33. 




𝑤ℎ𝑒𝑟𝑒 ?̇? = 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑘𝑔 𝑠⁄ ) 
𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 (𝑘𝑔 𝑚3⁄ ), 
𝐴 = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒 (𝑚2), 
























Temperature vs Power - FLiNaK
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Figure 33: Velocity increase of FLiNaK as a function of power 
The total length of the loop is 2.4 m as shown in Figure 34, which means that if there is a 
































Figure 34: The MSL dimensions 
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The time for FLiNaK to travel from P0 to P1, which represents the length of hot leg in 
Figure 34, will be approximately, 32 s. This demonstrates that natural circulation of 
FLiNaK in the molten salt loop can be achieved. 
It is important to note that the mass flow rate of FLiNaK is calculated in order to 
determine whether the flow is laminar or turbulent because depending on the flow 
characteristics. Using the calculated mass flow rate, the Reynolds number is calculated. 
As shown in Figure 35, between 0 W and 10 kW power range, Re is less than 2000. 
Therefore, it is determined that the flow is laminar under 10kW.  
 
Figure 35: Reynolds number vs power (W) - FLiNaK 
In addition to the property analysis above, it was found that the temperature increase in 
this natural circulation model is scalable. As long as the temperature increase is less than 
the boiling point of FLiNaK, 1570 ℃, regardless of the initial operating temperature, a 
natural circulation will occur. The initial temperature will not affect the mass flow rate 






















Re vs Power - FLiNaK
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steady-state will behave the same as FLiNaK with an initial operating temperature at   
550 ℃. This result is useful because if FLiNaK was used as a coolant in molten salt 
reactor and there was a loss of the primary heat transport pump system and the coolant 
flow only depends on natural circulation, it can be expected that FLiNaK will behave 
even with the different initial temperatures analyzed during steady-state as shown in 
Figure 36. 
 
Figure 36: temperature increase scalability demonstration 
Another interesting relationship found in the governing equation is that the buoyancy 
force can be increased by manipulating the difference in length between heat source and 
heat sink. The initial analysis defines 𝐿ℎ as 0.5 m (50 cm) since it is the half of the hot leg 
and 𝐿𝑐 as 0.1 m (10 cm). In Figure 37, the heat source length was increased from 0.5 m to 
0.65 m and heat sink length remained same to verify the mass flow increase due to 
increased buoyancy force. This demonstrates that as the heat source length increases the 





























Figure 37: Heat source length sensitivity analysis mass flow rate – FliNaK 
The length difference between the heat source (𝐿ℎ) and the heat sink (𝐿𝑐) has set to 0.55 
m instead of 0.4 m, which was set initially. By increasing the length by 0.15 m, the 
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Figure 38: Heat source length sensitivity analysis – FLiNaK 
As demonstrate in Figure 39, when 10 kW is power is used, when it reaches the steady 
state, the maximum temperature of the of the loop will reach is 1497 ℃ during steady-
state. 
 

























































































































Mass flow rate vs Temperature - FLiNaK
FLiNaK
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The FLiNaK initial density is 2129 𝑘𝑔/𝑚3 at 550 ℃. It decreases by 494 𝑘𝑔/𝑚3 
between 550℃ and 1497℃ as shown in Figure 40. That is a significant change without 
changing the phase under near atmospheric pressure. Therefore, due to this characteristic, 
significant buoyant force can be created.  
 
Figure 40: Density decrease as a function of temperature – FLiNaK 
 
4.3.1 FLiNaK and FLiBe 
 
The mass flow of FLiBe has very similar characteristics to FLiNaK. The blue line in 
Figure 41 represent, the mass flow rate as function of the power of heater, the mass flow 




















Density vs Temperature - FLiNaK
Density
  
  84 
 
 
Figure 41: Mass flow rate vs Power – FLiBe (Laminar flow) 
The steady state mass flow rate for FLiBe when using 10 kW heater is 0.003582 kg/s as 
shown in Table 8. FLiNaK has about 1.568 times higher mass flow rate than FLiBe. 







1W 5.92E-07 3.82E-07 
102W 6.04E-05 3.89E-05 
1011W 5.95E-04 0.000383 
10000W 0.005617 0.003582 
 
As shown in Figure 42, FLiNaK and FLiBe have very similar trends in terms of mass 

























Mass flow rate versus Power - FLiBe
FLiBe
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Figure 42: Mass Flow Rate (Laminar) Vs Power comparison between FLiNaK and 
FLiBe 
The Reynolds number result shows that the FLiBe will remain as laminar flow for power 
less than 10kW as shown in Figure 43. 
 
Figure 43: Re vs Power -FLiBe 
FLiNaK and FLiBe have very similar steady state trends. When using the 10 kW heater, 













































Re vs Power - FLiBe
FLiBe
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achieve 1497 ℃ from the initial temperature of 550 ℃ compared to FLiBe reaches steady 
state at 1632 ℃ as shown in Table 9, Figure 44 and Figure 45. However, FLiBe boiling 
point is 1430 ℃. The result indicates that FLiBe is expected to boil without a pressurzing 
system before reaching the natural circulation. 
 
Figure 44: Temperature vs Power -FLiBe 





607 1451 1563 
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Figure 45: Temperature Change Comparison - FLiNaK and FLiBe 
 
Figure 46: Velocity vs Power - FLiNaK and FLiBe  
If there are pressurizing system to maintain FLiBe as liquid, assuming all other properties 
remains same values, the velocity of FLiBe can be obtained as shown in Figure 46. 
FLiNaK has about 1.42 times higher velocity during steady state than FLiBe in any given 
power.  
As shown in Figure 47, the kinematic viscosity of FLiBe is higher than FLiNaK. Based 
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that FLiNaK has lower viscosity values. The total friction loss force is the sum of the 
pipe length multiplied by its viscosity for each section as shown in Eq. 44. The lower the 
viscosity value, the higher the mass flow rate of the coolant will have. 
𝐸𝑞. 44 = (
64?̇?
2 ∗ D2 ∗ 𝐴
) (𝜈1 ∗ Lh + 𝜈2 ∗ (L1 − Lh) + 𝜈3 ∗ L𝑎 + 𝜈4 ∗ Lc + 𝜈5 ∗ (L3 − 𝐿𝑎)
+ 𝜈6 ∗ L𝑎 
 
Figure 47: Kinematic Viscosity comparison - FLiNaK and FLiBe 
 
4.3.2 FLiNaK and Lead 
 
When liquid lead is in the MSL, the trend of the mass flow rate during steady state, 
would be to the increase as the power of the heater increases similar to the other molten 
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Figure 48: Mass flow rate vs power –lead (laminar flow) 
Table 10: mass flow rate for each power level - FLiNaK Vs Lead 
Power FLiNaK (kg/s) Lead(kg/s) 
1W 5.92E-07 3.77E-06 
102W 6.04E-05 0.0003837 
1011W 5.95E-04 0.003812 
 
10000W 0.005617 0.03759  
 
The steady state mass flow rate for lead using the 10 kW power input is 0.03759 kg/s. 
Compared to FLiNaK, the mass flow rate for lead is significantly higher, approximately 
5.5 times higher as shown in Table 10. 
However, considering the boiling point of lead is 1743 ℃, lead will also require a 
pressurizing system to keep the coolant as a liquid state in order to achieve natural 
circulation. As demonstrated in Figure 49, the temperature range for lead will exceed its 
























Mass flow rate versus Power - lead
Pb
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.  
Figure 49: Temperature increase as a function of  power - Lead 
The temperature of lead during steady state is significantly higher than FLiNaK as 
showns in Table 11. 
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10000 1496 2214 
 
 
Assuming that the equivalent pressure is provided to keep lead as liquid and all other 



















Temperature vs Power - lead
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Figure 50: Velocity vs Power – Lead 
 
Figure 51: Velocity vs Power - FLiNaK and Lead 
Comparing lead to FLiNaK, the velocity of lead is substantially higher than FLiNaK, 
about 1.38 times higher velocity during steady state than FLiNaK in any given power as 
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Chapter 5. CONCLUDING REMARKS 
 
 The objective stated in Section 1.2 has been met. A one-dimensional single-phase natural 
circulation model of FLiNaK (LiF-NaF-KF) for the MSL has been developed using 
MATLAB. The model results for FLiNaK were compared to other coolants such as 
water, FLiBe, and liquid metal. It is concluded that a natural circulation can be achieved 
for FLiNaK in the MSL based on the model result as a velocity of 2.5 cm/s has been 
achieved. Further concluding remarks are provided as below: 
 FLiNaK was simulated using current estimates of FLiNaK coolant properties. 
Other coolants such as FLiBe, lead and water were also simulated for comparison 
purposes. FLiNaK simulation results were compared to the other coolants. Based 
on the MATLAB model, lead has the highest mass flow rate value compared to 
FLiNaK and FLiBe. FLiNaK has higher mass flow rate than FLiBe. 
 Well-known fluid properties were used as reference cases and compared to 
FLiNaK in order to understand FLiNaK behaviour. Overall, it was discovered that 
FLiNaK is a good candidate for natural circulation because it has a higher density 
difference and lower viscosity than that of FLiBe.  
 As demonstrated in a sensitivity analysis, increasing the difference between the 
heat source and heat sink length, the mass flow rate of the coolant will increase. 
 Friction loss force depends on viscosity value, which depends on the temperature 
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Chapter 6. FUTURE WORK 
 
There are still many future studies/experiments that can be conducted in MSL based on 
the discovery and concluding remarks. Therefore, the following recommendations are 
suggested for future work. 
 FLiNaK natural circulation model need to be verified using experiments. The MSL 
steady-state needs to be confirmed through experiments. The theoretical values such as 
mass flow rate, must be compared to the experiment values to validate the model. 
 MSL currently does not have any local/remote Instrumentation and control system. The 
instrumentation is required to measure operating parameters such as operating 
pressure, temperature and mass flow rate. It is recommended that the system 
monitor/control equipment such as temperature, pressure transmitter and flow meters 
to be installed in order to control the loop and analyze experimental data, such as heat 
loss, will further improve the result of natural circulation model.  
 Sampling station can be added to the loop as part of chemistry monitoring. A further 
analysis can be performed once online monitoring or collected operating parameters 
such as pressure and temperature are obtained. 
 A turbulent flow model can be developed and tested for forced convection using 
pumps. A procurement of the pump for molten salt needs to be considered. A 
modification of the system might be required prior to consider forced circulation test. 
Once the forced convection model is analyzed and verified, flow accelerated corrosion 
analysis can be developed in MSL when a pump is used. 
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Chapter 7. APPENDICES 
7.1 MATLAB Source Code 
 
%Rev 02 mistake found in mass flow laminar equation so the result 
decreased 
%by three times than previous result 
%Rev 03 laminar and turbulent equations are revised. 
  
%Water, FLiNaK and Lead single phase heated 
%Reference values 
%Ref_temperature = 15.6 ; %[C] Reference temperature of water 





%mu_c = 2.9E-3;%[Pa*s] dynamic viscosity of FLiNaK at 700C [Heat 
Transfer Lab] 






%h1 = 0.92; %[W/(m*K)] Thermal conductivity of FLiNaK (not used) 





%beta = 1./(T_m+273); % approximation of beta thermal expansion 
coefficient 
%b_H2O = 0.138E-3; % thermal expansion coefficient experimental value 
at 15C [Heat Transfer Textbook] 





%rho_FLiBe_c = 1940 ; % [kg/m^3] density as a function of temperature 
of FLiNaK at 700C 
%rho_flinak_c = 2129; %[kg/m^3]assuming constant density of FLiNaK at 
550C 





%c_p_H2O = 4180; % [J/(kg*C)] Assumed constant heat capacity at 700C 
%c_p_FliBe = 2380; % [J/(kg*C)] Assumed constant heat capacity of FLiBe 
at 700C 
%c_p_FLiNak = 1880; % [J/(kg*C)] Assumed constant heat capacity of 
FLiNak at 700C 
  




%k_Pb = 14.91; %[W/(m*K)] Thermal conductivity of metal (not used) 
  
  
%as fucntion of temperature 
  
%                                  100406639 
%                                   
%Eric Sungcheol Choi 






c_p_flinak = 1880; % [J/(kg*C)] Assumed constant heat capacity at 700C 
g = 9.81 ; % [m/s^2] Gravitational acceleration 
D = 0.01336 ; %[m] pipe diameter 
A = pi*D^2/4 ; %[m^2] surface area 
n= 100; % Number of iteration 
P = linspace(1,10000,n) ; % [W] power of heater from 1 W to 10kW 
T_m_fliank = 454; %[C] reference temperature (or melting temperature of 
FLiNaK) 
rho_flinak_c = 2129; %[kg/m^3]assuming constant density of FLiNaK at 
550C 
  
%rho_flinak = -0.624*(T+273)+2579 ; % [kg/m^3]density as a function of 









b_flinak = 2.45E-4;% thermal expansion coefficient experimental value 
at 700C 
mu_flinak_C = 0.04*(10^-3)*exp(4170./(T_m_fliank+273));% [Pa*s] or 
[kg/(m*s)] Dynamic viscosity as a function of temperature at 700C 
%mu_flinak = 0.04*(10^-3)*exp(4170./(T+273));  
nu_flinak_C = mu_flinak_C./rho_flinak_c; % [m^2/s] Kinematic viscosity 
  
nu_flinak1 = nu_flinak_C; % [m^2/s] Kinematic viscosity 
nu_flinak2 = nu_flinak_C; % [m^2/s] Kinematic viscosity 
nu_flinak3 = nu_flinak_C; % [m^2/s] Kinematic viscosity 
nu_flinak4 = nu_flinak_C; % [m^2/s] Kinematic viscosity 
nu_flinak5 = nu_flinak_C; % [m^2/s] Kinematic viscosity 
nu_flinak6 = nu_flinak_C; % [m^2/s] Kinematic viscosity 
  
% with temperature through a constant thermal expansion coefficient 
  
s= 2.4; % [m] Total length of the loop 
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L1= 0.788; % sum of Section 1 + section 2 = 1-0.106*2 
  
L_h = 0.5  ; %[m] Length of heater 
L_1 = 1-0.106*2-L_h; %[m] Length of adibatic heater 1 
L_a = (s-(1-0.106*2+0.7))/2; %[m] Length of adibatic heater 
L_c = 0.1 ; %[m] Length of cooler (cooled by air) 
  
L3= 0.7; % Section 4 + section 5 
  
L_2 = 0.7 - L_c; %[m] Length of cooler (cooled by air)  
theta = 5 ; %[degree] Angle 
  








syms a b m P 




m_dot_lam_flinak_negative=-(b + (b.^2 + 4.*P.*a).^(1/2))./(2.*a); 





T0_flinak = 550; % MSL FLiNak operating temperature 
T_cal_flinak = T0_flinak + deltaT_flinak; 
  
rho_flinak_cal = rho_flinak_c.*(1-b_flinak.*(T_cal_flinak-T0_flinak)); 
%[kg/m^3] density approximation, Fluid density is assumed to be linear 
as a function of Temperature 
  
%mu_flinak_cal = 0.04*(10^-3)*exp(4170./(T+273));% [Pa*s] Dynamic 
viscosity as a function of temperature at 700C 
nu_flinak_cal = mu_flinak_C./rho_flinak_c; % [m^2/s] Kinematic 
viscosity 
  
Q_flinak = m_dot_lam_flinak./rho_flinak_cal; % [m^3/s] calculate flow 
rate 













title('Power versus Mass Flow Rate') ; 
xlabel('Power [W]','FontSize',12,'FontWeight','bold','Color','b') ; 






title('delta T versus Power') ; 







title('temperature versus Power') ; 
xlabel('Temperature 
[^{\circ}C]','FontSize',12,'FontWeight','bold','Color','b') ; 






legend('Velocity FLiNak') ; 
title('Power versus Velocity') ; 
xlabel('Power [W]','FontSize',12,'FontWeight','bold','Color','b') ; 






title('T versus Rho') ; 







title('P versus Re') ; 





legend('friction factor') ; 




















legend('Dynamic viscosity') ; 








legend('FLiNak Cal') ; 
title('T versus Viscosity') ; 
xlabel('T [^{\circ}C]','FontSize',12,'FontWeight','bold','Color','b') ; 







c_p_flibe = 2380; % [J/(kg*C)] Assumed constant heat capacity at 700C 
g = 9.81 ; % [m/s^2] Gravitational acceleration 
  
D = 0.01336 ; %[m] pipe diameter 
A = pi*D^2/4 ; %[m^2] surface area 
C_0= 1/64 ; % Reynolds number coefficient 
T_m_flibe = 459; %[C] reference temperature (or melting temperature of 
FLiBe) 
%T_b_flibe = 1430; %[C] reference temperature (or melting temperature 
of FLiBe) 










b_flinbe = 2E-4;% thermal expansion coefficient experimental value at 
700C 
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mu_flibe_c = 1.16*10.^-4*exp(3755./(T_m_flibe+273));% [Pa*s] or 
[kg/(m*s)] Dynamic viscosity as a function of temperature at 700C 
nu_flibe_c = mu_flibe_c./rho_flibe_c; % [m^2/s] Kinematic viscosity 
  
nu_flibe1 = nu_flibe_c; % [m^2/s] Kinematic viscosity 
nu_flibe2 = nu_flibe_c; % [m^2/s] Kinematic viscosity 
nu_flibe3 = nu_flibe_c; % [m^2/s] Kinematic viscosity 
nu_flibe4 = nu_flibe_c; % [m^2/s] Kinematic viscosity 
nu_flibe5 = nu_flibe_c; % [m^2/s] Kinematic viscosity 
nu_flibe6 = nu_flibe_c; % [m^2/s] Kinematic viscosity 
  
s= 2.4; % [m] Total length of the loop 
%L_section1= 1-0.106*2 = 0.788; 
L_h = 0.5  ; %[m] Length of heater 
L_1 = 1-0.106*2-L_h; %[m] Length of adibatic heater 1 
L_a = (s-(1-0.106*2+0.7))/2; %[m] Length of adibatic heater 
L_c = 0.1 ; %[m] Length of cooler (cooled by air) 
%L_section3= 0.7; 
L_2 = 0.7 - L_c; %[m] Length of cooler (cooled by air) 
theta = 5 ; %[degree] Angle 
dL = L_h-L_c;% length difference 
a=(32*c_p_flibe)*(nu_flibe1*L_h+nu_flibe2*L_1+nu_flibe3*L_a+nu_flibe4*L
_c+nu_flibe5*L_2+nu_flibe6*L_a)... 
    ./(g.*(rho_flibe_c).*b_flinbe.*dL*D^2*A); 
b=(0.088)*c_p_flibe/(b_flinbe*dL); 
  
m_dot_lam_flibe_negative=-(b + (b.^2 + 4.*P.*a).^(1/2))./(2.*a); 




T0_flibe = T_m_flibe; % MSL FLiNak operating temperature 
T_cal_flibe = T0_flibe + deltaT_flibe; 
  
rho_flibe_cal = rho_flibe_c.*(1-b_flinbe.*(T_cal_flibe-T0_flibe)); 
%[kg/m^3] density approximation, Fluid density is assumed to be linear 
as a function of Temperature 
mu_flibe_cal = 0.04*(10^-3)*exp(4170./(T_cal_flibe+273));% [Pa*s] 
Dynamic viscosity as a function of temperature at 700C 
nu_flibe_cal = mu_flibe_cal./rho_flibe_cal; % [m^2/s] Kinematic 
viscosity 
  
Q_flibe = m_dot_lam_flibe./rho_flibe_cal; % [m^3/s] calculate flow rate 
V_flibe = m_dot_lam_flibe./(A.*rho_flibe_cal); %[m/s] calculate flow 
rate 





legend('Mass flow rate -FLiBe') ; 
title('Power versus Mass Flow Rate') ; 
xlabel('Power [W]','FontSize',12,'FontWeight','bold','Color','b') ; 
ylabel('Mass FLow Rate -lam 
[kg/s]','FontSize',12,'FontWeight','bold','Color','b') ; 
  






title('delta T versus Power') ; 






legend('mass flow rate - FLiBe') ; 
title('temperature versus Power') ; 
xlabel('Temperature 
[^{\circ}C]','FontSize',12,'FontWeight','bold','Color','b') ; 





legend('Velocity - FLibe') ; 
title('Power versus Velocity') ; 
xlabel('Power [W]','FontSize',12,'FontWeight','bold','Color','b') ; 





title('T versus Rho') ; 






legend('Re(lam) - FliBe') ; 
title('P versus Re') ; 



























title('T versus Viscosity') ; 
xlabel('T [^{\circ}C]','FontSize',12,'FontWeight','bold','Color','b') ; 







c_p_pb = 141; % [J/(kg*C)] Assumed constant heat capacity at 700C 
g = 9.81 ; % [m/s^2] Gravitational acceleration 
  
D = 0.01336 ; %[m] pipe diameter 
A = pi*D^2/4 ; %[m^2] surface area 
C_0= 1/64 ; % Reynolds number coefficient 
T_m_pb = 327.5; %[C] reference temperature (or melting temperature of 
Lead) 
%T_b_Pb= 1740 %[C] boiling point of Pb 
%T_b_pb = 1743; %[C] reference temperature (or boiling temperature of 
Lead) 
rho_pb_c = 10205; %[kg/m^3]assuming constant density of Pb at 700C 
%b = 1/(9516.9-T);% thermal expansion coefficient [1/K] 
  
%rho_Pb = 11441-1.2795*T ; % [kg/m3] Database of thermophysical 
properties of liquid metal coolants 
%rho_pb = 11367-1.1944*T ; % [kg/m3] Thermophysical properties of lead 









b_pb = 1.17E-4;% thermal expansion coefficient experimental Pb at 700C 
mu_pb_c = 4.55E-4*exp(1069./(T_m_pb+273));% [Pa*s] or [kg/(m*s)] 
Dynamic viscosity as a function of temperature at 700C 
  
nu_pb_c = mu_pb_c./rho_pb_c; % [m^2/s] Kinematic viscosity 
  
nu_pb1 = nu_pb_c; % [m^2/s] Kinematic viscosity 
nu_pb2 = nu_pb_c; % [m^2/s] Kinematic viscosity 
nu_pb3 = nu_pb_c; % [m^2/s] Kinematic viscosity 
nu_pb4 = nu_pb_c; % [m^2/s] Kinematic viscosity 
nu_pb5 = nu_pb_c; % [m^2/s] Kinematic viscosity 
nu_pb6 = nu_pb_c; % [m^2/s] Kinematic viscosity 
  
s= 2.4; % [m] Total length of the loop 
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%L_section1= 1-0.106*2 = 0.788; 
L_h = 0.5  ; %[m] Length of heater 
L_1 = 1-0.106*2-L_h; %[m] Length of adibatic heater 1 
L_a = (s-(1-0.106*2+0.7))/2; %[m] Length of adibatic heater 
L_c = 0.1 ; %[m] Length of cooler (cooled by air) 
%L_section3= 0.7; 
L_2 = 0.7 - L_c; %[m] Length of cooler (cooled by air) 
theta = 5 ; %[degree] Angle 
dL = L_h-L_c;% length difference 
a=(32*c_p_pb)*(nu_pb1*L_h+nu_pb2*L_1+nu_pb3*L_a+nu_pb4*L_c+nu_pb5*L_2+n
u_pb6*L_a)... 
    ./(g.*(rho_pb_c).*b_pb.*dL*D^2*A); 
b=(0.088)*c_p_pb/(b_pb*dL); 
  
m_dot_lam_pb_negative=-(b + (b.^2 + 4.*P.*a).^(1/2))./(2.*a); 




T0_pb = T_m_pb; % MSL FLiNak operating temperature 
T_cal_pb = T0_pb + deltaT_pb; 
  
rho_pb_cal = rho_pb_c.*(1-b_pb.*(T_cal_pb-T0_pb)); %[kg/m^3] density 
approximation, Fluid density is assumed to be linear as a function of 
Temperature 
mu_pb_cal = 0.04*(10^-3)*exp(4170./(T_cal_pb+273));% [Pa*s] Dynamic 
viscosity as a function of temperature at 700C 
nu_pb_cal = mu_pb_cal./rho_pb_cal; % [m^2/s] Kinematic viscosity 
  
Q_pb = m_dot_lam_pb./rho_pb_cal; % [m^3/s] calculate flow rate 
V_pb = m_dot_lam_pb./(A.*rho_pb_cal); %[m/s] calculate flow rate 






title('Power versus Mass Flow Rate') ; 
xlabel('Power [W]','FontSize',12,'FontWeight','bold','Color','b') ; 






title('delta T versus Power') ; 







title('temperature versus Power') ; 
  









legend('Velocity - Lead') ; 
title('Power versus Velocity') ; 
xlabel('Power [W]','FontSize',12,'FontWeight','bold','Color','b') ; 





title('T versus Rho') ; 






legend('Re(lam) Lead') ; 
title('P versus Re') ; 
























title('T versus Viscosity') ; 
xlabel('T [^{\circ}C]','FontSize',12,'FontWeight','bold','Color','b') ; 










c_p_H2O = 4181; % [J/(kg*C)] Assumed constant heat capacity at 16C 
C_0= 1/64 ; % Reynolds number coefficient 
T_m_H2O = 0; %[C] reference temperature (or melting temperature of H2O) 
%T_b_H2O= 100 %[C] boiling point of H2O 
rho_H2O_c = 999; %[kg/m^3]assuming constant density of H2O 
%rho_H2O = 1000*(1-(T_H2O+288.9414)/(508929.2*(T_H2O+68.12963))*(T_H2O-









b_H2O = 0.138E-3;% thermal expansion coefficient experimental H2O 
mu_H2O_c = 0.00089;% [Pa*s] or [kg/(m*s)] Dynamic viscosity as a 
function of temperature at 700C 
nu_H2O_c = mu_H2O_c./rho_H2O_c; % [m^2/s] Kinematic viscosity 
  
nu_H2O1 = nu_H2O_c; % [m^2/s] Kinematic viscosity 
nu_H2O2 = nu_H2O_c; % [m^2/s] Kinematic viscosity 
nu_H2O3 = nu_H2O_c; % [m^2/s] Kinematic viscosity 
nu_H2O4 = nu_H2O_c; % [m^2/s] Kinematic viscosity 
nu_H2O5 = nu_H2O_c; % [m^2/s] Kinematic viscosity 
nu_H2O6 = nu_H2O_c; % [m^2/s] Kinematic viscosity 
  
s= 2.4; % [m] Total length of the loop 
%L_section1= 1-0.106*2 = 0.788; 
L_h = 0.5  ; %[m] Length of heater 
L_1 = 1-0.106*2-L_h; %[m] Length of adibatic heater 1 
L_a = (s-(1-0.106*2+0.7))/2; %[m] Length of adibatic heater 
L_c = 0.1 ; %[m] Length of cooler (cooled by air) 
%L_section3= 0.7; 
L_2 = 0.7 - L_c; %[m] Length of cooler (cooled by air) 
theta = 5 ; %[degree] Angle 
dL = L_h-L_c;% length difference 
a=(32*c_p_H2O)*(nu_H2O1*L_h+nu_H2O2*L_1+nu_H2O3*L_a+nu_H2O4*L_c+nu_H2O5
*L_2+nu_H2O6*L_a)... 
    ./(g.*(rho_H2O_c).*b_H2O.*dL*D^2*A); 
b=(0.088)*c_p_H2O/(b_H2O*dL); 
  
m_dot_lam_H2O_negative=-(b + (b.^2 + 4.*P.*a).^(1/2))./(2.*a); 




T0_H2O = T_m_H2O; % MSL FLiNak operating temperature 
T_cal_H2O = T0_H2O + deltaT_H2O; 
  
rho_H2O_cal = rho_H2O_c.*(1-b_H2O.*(T_cal_H2O-T0_H2O)); %[kg/m^3] 
density approximation, Fluid density is assumed to be linear as a 
function of Temperature 
  
  105 
 
T =linspace(1,100,n); 
mu_H2O_cal = 2.414*10^-5.*exp(247.8./((T+273)-140));% [Pa*s] Dynamic 
viscosity as a function of temperature at 700C 
nu_H2O_cal = mu_H2O_cal./rho_H2O_cal; % [m^2/s] Kinematic viscosity 
  
Q_H2O = m_dot_lam_H2O./rho_H2O_cal; % [m^3/s] calculate flow rate 
V_H2O = m_dot_lam_H2O./(A.*rho_H2O_cal); %[m/s] calculate flow rate 






title('Power versus Mass Flow Rate') ; 
xlabel('Power [W]','FontSize',12,'FontWeight','bold','Color','b') ; 





legend('Temperature - Water') ; 
title('delta T versus Power') ; 






legend('Temperature - Water') ; 
title('temperature versus Power') ; 
xlabel('Temperature 
[^{\circ}C]','FontSize',12,'FontWeight','bold','Color','b') ; 





legend('Velocity - water') ; 
title('Power versus Velocity') ; 
xlabel('Power [W]','FontSize',12,'FontWeight','bold','Color','b') ; 





title('T versus Rho') ; 






legend('Re(lam) water') ; 
title('P versus Re') ; 
xlabel('Power [W]','FontSize',12,'FontWeight','bold','Color','b') ; 
  

























title('T versus Viscosity') ; 
xlabel('T [^{\circ}C]','FontSize',12,'FontWeight','bold','Color','b') ; 









Figure 52: Kinematic viscosity of liquid sodium, potassium and NaK-78 [40] 
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7.3 Heat transfer calculation 
 
The MSL heat transfer calculation is shown below [28]. 
7.3.1 Heat loss of uninsulated pipe 
 
𝑇∞1 = 600℃ (𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) 
 𝑇∞2 = 25℃ (𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) 
𝑘1 = 19 𝑊/(𝑚 ∙ ℃)(𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 ℎ𝑎𝑠𝑡𝑙𝑜𝑦) 
𝐿 = 1 𝑚 (𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒 ) 
𝐷1 = 0.0133604 𝑚 (𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒) 
𝐷2 = 0.021336 𝑚 (𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒) 
𝐴1 = 2𝜋𝑟1𝐿 =  2𝜋(0.0066802 𝑚)(1 𝑚) = 0.04197 𝑚
2 
𝐴2 = 2𝜋𝑟2𝐿 =  2𝜋(0.010668 𝑚)(1 𝑚) = 0.06724 𝑚
2  
ℎ1 = 60𝑊/𝑚
2 , ℎ2 = 18 𝑊/𝑚
2 









= 0.04197 ℃/𝑊 





















= 0.8288 ℃/𝑊 
𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑖 + 𝑅1 + 𝑅𝑜 = 0.04197 + 0.003921 + 0.8288 = 0.87472 ℃/𝑊  
  
  112 
 
?̇? =





= 657.4 𝑊 
𝑇1 = 𝑇∞1 − ?̇?𝑅𝑐𝑜𝑛𝑣,1 = 600 − (657.4𝑊)(0.04197 ℃/𝑊) = 572.4℃ 
𝑇2 = 𝑇1 − ?̇?𝑅𝑝𝑖𝑝𝑒 = 572.4℃ − (657.4𝑊)(0.003921℃/𝑊) = 569.8℃ 
7.3.2 Heat loss of insulated pipe 
 
 
Figure 53: insulated pipe example 
𝑇∞1 = 600℃ (𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) 
 𝑇∞2 = 25℃ (𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) 
𝑘1 = 19 𝑊/(𝑚 ∙ ℃)(𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 ℎ𝑎𝑠𝑡𝑙𝑜𝑦) 
 
𝐿 = 1 𝑚 (𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒 ) 
𝐷1 = 0.0133604 𝑚 (𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒) 
𝐷2 = 0.021336 𝑚 (𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒) 
ℎ1 = 60 𝑊/(𝑚
2 ∙ ℃) 
ℎ1 = 18 𝑊/(𝑚
2 ∙ ℃) 
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𝐴1 = 2𝜋𝑟1𝐿 =  2𝜋(0.0066802 𝑚)(1 𝑚) = 0.04197 𝑚
2 
𝐴2 = 2𝜋𝑟2𝐿 =  2𝜋(0.010668 𝑚)(1 𝑚) = 0.06724 𝑚
2  
ℎ1 = 60𝑊/𝑚
2 , ℎ2 = 18 𝑊/𝑚
2 









= 0.04197 ℃/𝑊 





















= 0.8288 ℃/𝑊 
𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑖 + 𝑅1 + 𝑅𝑜 = 0.04197 + 0.003921 + 0.8288 = 0.87472 ℃/𝑊  
?̇? =





= 657.4 𝑊 
𝑇1 = 𝑇∞1 − ?̇?𝑅𝑐𝑜𝑛𝑣,1 = 600 − (657.4𝑊)(0.04197 ℃/𝑊) = 572.4℃ 
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